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A gas chromatograph apparatus was constructed to 
determine the effects of methane and oxygen surface sat­
uration of coal dust on the adsorption equilibrium constant 
of water vapor. Two kinds of coal dust were made available
for this study. The first kind was ground to 400 mesh (38
microns) in ambient air. The second kind was first frozen 
in liquid nitrogen and then ground to 400 mesh.
The retention volumes obtained for water vapor were
compared for the two kinds of coal, first using helium as
the carrier gas and then using methane as the carrier gas.
It was observed that the water vapor retention volume is 
larger for the air-ground coal and that the retention volume 
decreases when methane is used as the carrier gas.
The analytical precision of the experimental procedure 
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Definition of Adsorption, The boundary between adjacent 
phases comprises an interface# Many properties which have 
fixed values in the bulk phase are found to change in value 
at the interface and it is through these changes that an in­
terface is defined# When an interface is defined by the 
measurement of concentrations then adsorption is said to 
take place# A substance is said to be adsorbed if the con­
centration of the substance in a boundary region is higher 
than in the interior of the adjoining phases# In more gen­
eral terms, adsorption is the interaction between a gas or 
liquid and the surface of a solid or liquid# The substance 
which is adsorbed is called the adsorbate# The adsorbent is 
the bulk phase at the surface of which the adsorption occurs.
Two types of adsorption exist, physical and chemical# 
Physical adsorption is an easily reversible process. It is 
the result of intermolecular forces of attraction, namely 
"van der Waals" forces, between molecules of the solid, for 
example, and the adsorbate# When the intermolecular attrac­
tive forces between a solid and a gas are greater than those 
between molecules of the gas, the gas will "condense" upon 
the surface of the solid even though its pressure may be low­
er than its corresponding vapor pressure# Such a condensa­
tion will be accompanied by a release of heat of the same
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order of magnitude as the latent heat of vaporization, or on 
the order of 10 kcal/gmole, At equilibrium the partial pres­
sure of the adsorbate equals that of the contacting gas, and 
by lowering the pressure of the gas or by raising the tempera­
ture, the adsorbate is readily desorbed in unchanged form,
Chemisorption, or activated adsorption, describes chem­
ical interaction between the adsorbent and the adsorbate.
The strength of the chemical bond may vary and other chemical 
compounds may not actually be produced, but the adsorptive 
force is greater than that found in physical adsorption. The 
heat liberated by chemisorption is large, similar in magni­
tude to that of a chemical reaction or on the order of 20 
kcal/gmole and greater. Chemisorption is often irreversible, 
and on desorption the adsorbate will often be chemically dif­
ferent. A substance which at low temperatures undergoes only 
physical adsorption, will sometimes exhibit chemisorption at 
higher temperatures, and both processes may occur at the same 
time.
Most adsorbents are highly porous bodies with large in­
ternal surfaces. The external surface, even that visible 
under the best microscope, constitutes only a small fraction 
of the large total surface. Coal possesses a large surface 
area due primarily to its fine pore structure ressembling that 
of molecular sieve (1). Coal is a highly porous adsorbent
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but it is essentially hydrophobic (2,3), Any interaction 
between water vapor and the coal adsorbent will be primarily 
on the external surface. The coal used in this study was 
provided by Dr. Gilbert J. Mains, Department of Chemistry, 
Oklahoma State University (^). Dr. Mains ground the coal by 
two different methods: one, as it is usually done at room 
temperature in the presence of air using a ball mill and two, 
by first freezing the coal in liquid nitrogen and grinding it 
in an inert atmosphere. ESCA analysis later done on the coal 
while the present study was being performed showed the air- 
ground coal to contain twice as much oxygen as the liquid- 
nitrogen-ground coal. Hence, by oxidizing the surface of the 
coal, such as in the normal process of grinding it, hydrophilic 
sites are introduced into the coal (5)* It is the intent of 
this study to show that these hydrophilic sites are respon­
sible for increased water vapor adsorption on the coal and 
also that the saturation of the coal with methane further re­
duces any possible penetration of the water vapor into the 
pores of the coal. By the criteria given above, the adsorp­
tion of water vapor on coal is physical (6 ).
The Intermolecular Forces of Adsorption. As already 
stated, adsorption is classified into two types, physical and 
chemisorption. Physical adsorption, which is the concern of 
this study, is the result of intermolecular forces of attrac­
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tion which are often called ’van der Waals" forces. The in­
termolecular forces of attraction include the following:
1. The energy of interaction between permanent 
dipoles (dipole forces), with potential energy 
U<*r“6 (7).
2. The energy of interaction between a permanent 
dipole and a dipole induced by it in another 
molecule (induction forces), with potential 
energy Uo<r"° (7)*
3« The forces between neutral atoms of molecules, 
London type dispersion forces, with potential 
energy U©<r“° (?■)•
k. Hydrogen bonds with potential energy Uo<r“3 (7 ).
The two forces to consider here are London dispersion 
forces and hydrogen bond forces. Dispersion forces are the 
forces responsible for the adsorption of methane on. mole­
cular sieve and of water vapor on coal ground in a nitro­
gen atmosphere. Hydrogen bond forces are responsible for 
the adsorption of water vapor on coal containing oxygen (3 )*
Dispersion forces are due to temporary or instantaneous 
charge separations. An illustration will best explain the 
nature of these forces. Over a period of time the two bond­
ing electrons in a nonpolar molecule such as H2 are as close 
to one nucleus as to the other; the molecule has no perma­
nent dipole moment. However at any given moment, the elec­
tron cloud may be concentrated at one end of the molecule.
A fraction of a second later, it may be located at the oppo­
site end of the molecule. The instantaneous concentration
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of the electron cloud on one side or the other of the center 
sets up a temporary dipole in the H2 molecule. This in turn 
induces a similar dipole in an adjacent molecule. These tem­
porary dipoles, both oriented in the same direction, lead to 
an attractive force between the molecules, namely, the dis­
persion force. Another way of looking at this phenomenon is 
to consider the electrons in two or more nonpolar molecules 
to synchronize their movements to minimize electron-electron 
repulsion and maximize electron-nucleus attraction. Such 
attractions are extremely short-ranged and weak.
Hydrogen bonds are stronger than London dispersion 
forces. There is no universal agreement on the best de­
scription of the nature of the forces in the hydrogen bond.
A hydrogen bond exists when a hydrogen atom is bonded to two 
or more other atoms (8 ). This definition implies that the 
hydrogen bond cannot be an ordinary covalent bond since the 
hydrogen atom has only one orbital (Is) at sufficiently low- 
energy to engage in covalent bonding. Macroscopically the 
effects of hydrogen bonding are seen indirectly in the in­
creased melting and boiling points of NH^, H2O, and HF. 
Without hydrogen bonding, water would boil at about -200°C.
On the molecular level, hydrogen bonding is observed in the 
reduced distances between atoms. In many hydrogen bonds, 
the atoms are closer together than the sum of their van der
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Waals radii (8)0 In the typical hydrogen bonding situation, 
the hydrogen is attached to two very electronegative atoms. 
The hydrogen atom is assumed to be attached to one atom by a 
short covalent bond and to the other atom by a longer, weak­
er "hydrogen bond."
Countering these attractive forces are repulsive forces 
resulting from nucleus-nucleus repulsion and the repulsion 
of inner or core electrons. The repulsive energy is U*r“9 to 
r-12. <phe Lennard-Jones potential is the one most often
used to describe intermolecular behavior. As shown in Figure 
1 , it employs r”^ for the attractive forces and r"^2 for the 
repulsive forces. Lennard-Jones potential:
u(r) = 4 s [ V / r )12 - (<*“/r)^[] (I—1 )
The Langmuir Adsorption Isotherm. The first quanti­
tative theory of the adsorption of gases was given in 1916 
by Irving Langmuir, who based his model on the following 
assumption:
1. The solid surface contains a fixed number of 
adsorption sites. At equilibrium at any tem­
perature and gas pressure, a fraction 0 of the 
sites is occupied by adsorbed molecules, and a 
fraction 1- 6 is not occupied.
2. Each site can hold one adsorbed molecule.
3« The heat of adsorption is the same for all the 
sites and does not depend on the fraction cov­
ered.
There is no interaction between molecules on
4< (tr /r )12 •  repulsive 
component of U
•Total U
-4 «  (or/r)* "  attractive 
component of U
r, INTERMOLECULAR SEPARATION — **










for several molecules.Figure 1. ( 't0.012
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different sites. The chance that a molecule 
condenses at an unoccupied site or leaves an 
occupied site does not depend on whether or 
not neighboring sites are occupied.
According to the Langmuir theory, it is assumed that
the rate of adsorption r^ of a particular substance at any
time is proportional to its partial pressure p and to the
fraction 1- Q  of surface remaining uncovered at that time.
r t  = l ^ p U -  Q ) ( 1 - 2 )
On the other hand, the rate of desorption is proportional
only to the fraction of surface covered; that is,
6 (1-3)
At equilibrium the rates of adsorption and desorption are
equal. Therefore,
k1p(l-<9) = k ^ #  (1-4)
or
0 = Kp (1-5)
1+Kp
where K = k^/k^ is sji equilibrium constant for adsorption.
In the Langmuir adsorption model, the adsorption sites 
are arranged in a regular two-dimensional array on the sur­
face of a crystal, and the bound molecules come from a gas 
phase which is in equilibrium with the adsorbed phase. 
Suppose, for example, the monatomic gas A is adsorbed on 
the surface of a simple cubic lattice of solid B. The po­
tential energy of interaction u(r) between a molecule of A
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and a molecule of B is of the Lennard-Jones type. The ad­
sorbing force holding an A molecule to the surface of B is 
then the sum of a number of such interactions.
U is a function of x, y, and z, the coordinates of A, 
and the surface of B is taken as the xy-plane. Then, if x 
and y are fixed, the dependence of U on z will have a qual 
itative appearance similar to u(r) in the Lennard-Jones 
potential, but with the approximate mathematical form
The free translational motion of a gas molecule in the z- 
direction is replaced on adsorption by vibration in the 
potential well associated with the above equation.
U =2Lu(ri ) (1-6)
U(z) ~ const - const * (1-7)
o o o o o o
o o o o o o
— » o o o o o'%
G-AS
ENZKGry oF  A3>SoK?Tto
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The depth UD of the potential well in U(z) will vary pe­
riodically in both x and y. From the above figure (9) it is 
then indicated that motion parallel to the surface involves 
passing over potential barriers V0 . At temperatures low e- 
nough that the thermal energy of the adsorbed molecules is 
small compared with the height of the barrier V0 , the mole­
cules will be trapped in the sites of potential minima in 
U(x,y,z), except for occasional passages over the barrier or 
evaporation and recondensation. The Langmuir model corre­
sponds to this localized adsorption model* In localized ad­
sorption, the adsorbed molecule has three vibrational degrees 
of freedom replacing the three translational degrees in the 
gas. In addition to vibration in the z-direction, there is 
also vibration in the x- and y-directions around the minima 
of U(x,y).
Adsorption on Nonuniform Sites. The Langmuir adsorption 
isotherm assumes adsorption on uniform sites but even the 
smoothest solid surface is not uniform. Examination of the 
cleavage faces of crystals by the most refined optical tech­
niques reveals that they have rather uneven surfaces. The 
heat of adsorption often declines markedly with increasing 
surface coverage. This effect indicates a nonuniform surface. 
This lack of uniformity may either pre-exist in the different 
adsorption sites, or be caused by the repulsive forces between
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adsorbed atoms or molecules. Since the model for the Langmuir 
isotherm is a set of uniform adsorption sites, it is hardly 
surprising, in view of the nonuniformity of actual surfaces, 
that many cases of strong adsorption do not fit this isotherma 
In some instances, an empirical isotherm due to Freundlich is 
more successful,
e = Kp1//in (1-8 )
where K is the adsorption equilibrium constant and m is a 
number greater than one (7 )*
In the case of water vapor and coal, the interaction be­
tween the coal and the water is weak. This makes it diffi-
\
cult for water to penetrate the surface of the coal. At low 
pressures there is very little penetration, but as some water 
molecules succeed in penetrating with increasing pressure it 
becomes easier for other molecules to penetrate, owing to the 
large dipole attraction between the water molecules themselves. 
The shape of the adsorption isotherm for water vapor on char­
coal is rather unique as shown on the next page. The shape of 
the water isotherm indicates that at low relative pressures 
very little adsorption takes place because of the small force 
of interaction between the surface carbon atoms and the water 
molecules. However as soon as some adsorption has taken place 
the large dipole attraction between the water molecules allows 










400 500 7000 300 600100 200 800
Pressure (mm. of H g )
Figure 2. Adsorption isotherm of 
water vapor on coconut 
charcoal at 100 G* (10)
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2 , at small adsorptions (the lower part of the curve), adsorp 
tion is of the Langmuir type. At strong adsorptions (the up­
per part of the curve), adsorption is of the Freundlich type.
The above mechanism of water vapor adsorption on coal is 
maintained by many .investigators (3» 6, 10).
GAS CHROMATOGRAPHIC DETERMINATION OF THERMODYNAMIC PROPERTIES
Gas chromatography has been extensively used to study 
thermodynamic properties of adsorbates and adsorbents. Exam­
ples are determination of activity coefficients, entropies 
and heats of solution, vapor pressure, molecular weights, dif­
fusion coefficients, adsorption isotherms, and heats and en­
tropies of adsorption. Gas chromatography in these applica­
tions differs from static methods in the rapidity of measure­
ment with simple standard apparatus that does not need to be 
evacuated; moreover, the accuracy is often retained or even 
considerably increased. Also, the operations can be conduct­
ed at a wide range of temperatures. Gas chromatography dif­
fers from the calorimetric method in adsorption measurements 
in that very low 6 and much higher temperatures may be used.
In pulse-flow gas chromatography a stream of inert gas, 
the carrier gas, passes continuously through the column, and 
the gas mixture to be analyzed is introduced instantaneously 
at the beginning of the column. After introduction, it is 
swept by the carrier gas on to the column where equilibrium
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between the adsorbate and the adsorbent is established.
The Theory of Equilibrium Chromatography. The theory 
of equilibrium chromatography is based on the following 
assumptions s
lo A linear adsorption isothermo
2. A Gaussian distribution of the input pulse0
a) Negligible longitudinal diffusion,
b) Negligible convectional effects,
3« Instantaneous establishment of equilibrium 
between phases.
The assumption of a linear adsorption isotherm is only valid
at low partial pressures of the adsorbate, but this is the
operating range of gas chromatography. The broadening pro­
duced in an initially sharp peak by longitudinal diffusion 
is symmetrical, so that retention volume and retention time 
are unaffected by this source of diffusion so long as meas­
urements are made to the peak maximum (11), The same can be 
said for convectional effects (11), The assumption of in­
stantaneous equilibrium between phases is the most difficult 
condition to achieve and is the ideal limit to mass transfer 
between the gas and solid phases, /
The Heat of Adsorption. Greene and Pust (1958) first 
showed that heats of adsorption may be determined by gas 
chromatography if certain conditions are obeyed: if equili­
brium is virtually attained and if the adsorption isotherm 
has an initial linear part (ideal equilibrium chromatography),
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whose slope then represents Henry's constants
dca = K (II-1)
dc
where ca is the concentration of the adsorbed phase and c is 
the concentration of the vapor phase.,
The retained volume, VR, is independent of c for narrow 
symmetrical peaks (13) and
K = VR/m = Vm (II-2)
in which Vm is expressed as cm3 of vapor per g of adsorbent, 
m, at the temperature of the column#
To find K and Q (the heat of adsorption) from symme­
trical peaks it is necessary to determine the corrected re­
tained volumes VR from the maxima of narrow symmetrical peaks, 
the following formula being used:
VR = tR.w.T .f = tR.w.T 3 (Pj/P. )2 "I (II-3)
TR TR 2 (Pi/p0 )3 -1
in which tR is the corrected retention time, w is the flow
rate of the carrier gas in the flowmeter, TR is the temper­
ature in the flowmeter, and p^ and po are the gas pressures 
at the inlet and outlet respectively.
From the adsorption isotherm of Langmuir,
e = kp (1-5 )
l+Kp
which at small adsorptions, or low pressures, becomes
& = Kp ( I I —4 )
T-196?
The isosteric heat of adsorption is defined (13) hy
Q = RT2 ( | ^ ) e = ill-5)
Substituting equation 11-^ into expression II-5 and
taking the limit as the coverage 6 approaches zero gives:
Q = -RT2 din K = R din K (II-6)
dT d(l/T)
Q may also be deduced directly from the temperature de­
pendence of Vm or VR:
Q = R dln Ym = R din VR (II-7)
d(l/T) d(1/T)
Hence Q for narrow symmetrical peaks may be derived




Purpose of Experimental Work. The purpose of this ex­
periment was to determine how methane and oxygen in coal 
affect the adsorption equilibrium of water vapor on coale 
The experiment was divided into two parts. The first part 
consisted of determining the‘isosteric heat of adsorption of 
methane on 5A molecular sieve as a means of calibrating the 
apparatus and making sure that the experimental method was 
correcte The second part consisted of the actual determi­
nation of the water vapor adsorption equilibria on coal tak­
ing into consideration the effects produced by the methane 
and the oxygen in the coal.
Apparatus for the Adsorption Experiment. The appara­
tus used for this experiment was essentially a gas chroma­
tograph built from commercially available parts to measure 
the equilibrium constant of adsorption (Henry’s constant) 
and the limiting isosteric heat of adsorption of water vapor 
on coal dust by the pulse-flow method. The use of a water 
bath to heat the adsorption column as opposed to an electric 
oven used in commercial chromatographs provided for more ac­
curate temperature control. The apparatus was constructed in 
such a way that it could be easily modified if necessary for 
other adsorption experiments such as those involving wider 
temperature ranges.
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The apparatus is shown on the next page. A description 
of the apparatus and its function is provided in the follow­
ing paragraphs.
The adsorption column, E, was maintained at constant 
temperature in the mechanically stirred jar type water bath, 
Do The -water temperature was measured with the calibrated 
mercury thermometer, G. A constant stream of carrier gas 
(helium or methane) was introduced to the column from a high 
pressure cylinder, A, through a needle valve, 8. The flow 
rate was measured with a tri-flat variable area flowmeter. 
The carrier gas swept the reference side of a four filament 
thermal conductivity detector, H, before entering the column 
through the sampling valve, G, where the adsorbate sample of 
known size was injected into the gas stream.
The water vapor-tracer mixture was introduced from cy­
linder B. The sample size was varied by reducing the pres­
sure in the sample loop of valve C. This was accomplished 
by a water aspirator, I, and the reduced pressure in the sam­
ple loop was measured by the mercury manometer, J. The non­
adsorbed tracer gas (argon) passed through the column at the 
flow rate of the carrier gas stream and was in turn detected 
by the sample side of the thermal conductivity cell, H« The 
signal from the thermal conductivity cell was amplified by 







Legend for Chromatograph Figure 3 
A helium or methane cylinder 
B adsorbate-tracer mixture
C sample injection valve with 0.25 cc sample loop 
D mechanically stirred water bath 
E adsorption column 
F water trap
G calibrated mercury thermometer 
H thermal conductivity cell 
I water aspirator 
J mercury manometer 
K oil-filled manometer 
L variable area flowmeter 
M power supply and bridge control 
N recorder 
Valves s
1 to 7 l/^-inch valves
8 l/^-inch needle valve
9 to 1? l/8-inch valves
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The water vapor adsorbate passed through the column at a much 
slower rate than the tracer gas. Upon its elution a second 
signal was produced by the thermal conductivity cell and re­
corded with the recorder. The pressure drop through the col­
umn could be measured with the oil-filled manometer, K.
The Adsorption Experiment. The carrier gas was admitted 
to the apparatus from gas cylinder A through needle valve 8_ 
at almost atmospheric pressure. The flow rate of the carrier 
gas through the chromatograph was adjusted with the needle 
valve, 8, and measured with the flowmeter, L. Various flow 
rates were used throughout the experiment, ranging from 17 
to 35 cc per minute. These flow rates gave empty column ve­
locities of 1.5 to 3*5 cm per second in the temperature range 
of 20 to 50°C for a l/^-inch O.D. column.
Once the flow rate was stable, the recommended current 
was supplied to the thermal conductivity cell, H, by the 
power supply, M, and the recorder, N, was turned on. The 
water bath was also heated to the desired temperature during 
this interval. The system was maintained at the operating 
conditions for one hour to observe constancy of temperature 
and flow rate before starting the actual experiment.
The sampling valve, C, was set into operating position 
with carrier gas flowing through it and with the sample loop 
opened to the sample supply line. The valve on the adsorbate
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storage cylinder, B, was closed and valves 2» §.* and 2 were 
opened. The lines of the sampling system were evacuated by 
means of the water aspirator, I, and leak-tested by closing 
valve Any leaks were detected by the mercury manometer,
J. The lines were then filled with the adsorbate by open­
ing the valve on cylinder B with valve 2 also opened. Any 
air in the sample lines was removed by evacuating the system 
and filling with adsorbate three times.
To start the adsorption experiment, the adsorbate pres­
sure in the sample loop was equilibrated to atmospheric pres­
sure by venting excess adsorbate through valve 2° The re“ 
corder, N, was turned on and the attenuation of the amplifier 
in the power supply, M, was adjusted. The sampling valve, C, 
was turned to sampling position and the adsorbate in the sam­
ple loop was swept into the column, E. After a couple of 
seconds the tracer gas (argon) passed through the column as 
demonstrated by the peak recorded on the chart. The sampling 
valve, C, was returned to operating position. The elution of 
the adsorbate took longer. After complete elution of the ad­
sorbate, which was indicated by the return of the recorder 
pen to the base line, the next adsorption experiment could 
start. The sample size was reduced by decreasing the adsorb­
ate pressure in the sample loop by 18,20,22, and 23 inches of 
mercury. This gave sample pressures of- 303$ 252, 201, and 176
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mm of Hg for an atmospheric pressure of 760 mm of Hg. The
retention time was measured as the time interval between the
maxima of the tracer gas and adsorbate peaks.
The pressure drop through the adsorption column, E, 
was measured by opening valves 1£, 11̂ , and and reading 
the oil-filled manometer, K, The pressure drop through the 
thermal conductivity cell, H f sampling valve, C, and bypass 
valve, 1J5, (with valves 1̂ . and 16_ closed) was also measured 
in the same manner and found to be negligible.
Preparation of the Sample Gas Mixtures, Two gas mix­
tures were-needed for the experiments. One composed of 
methane and argon and the other of water vapor and argon.
The mixture of adsorbate and tracer gas was prepared in a 
800 cc pressure cylinder, B, The ratio of adsorbate to tracer 
gas (methane to argon) was not critical but v/as selected so 
that the height of the tracer peak was about the same as that 
of the adsorbate peak. In the case of the water vapor-argon 
mixture the exact concentration was determined by the solu­
bility of water in compressed argon as calculated using a 
truncated virial equation of state.
The pressure cylinder, B, was cleaned beforehand by wash­
ing it with water, acetone, benzene, and again with acetone. 
The solvents were removed by heating the cylinder to 70°C in 
hot water, A high pressure cylinder of argon gas was connect-
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ed to valve 1_. The lines of the apparatus were purged with 
argon with valves 2, 9, 10., 14, 12* anc* 1A closed. Valve 
17 was closed after purging. The cool cylinder, B, was 
connected to valve 2 and- a pressure gauge was installed ahead 
of the valve. Air was removed by evacuating the cylinder, B, 
and filling it with argon by opening valve 2, and evacuating 
again. This was repeated five times. The evacuation could 
be accomplished by connecting valve 2 ‘to water aspirator, 
I, or to a vacuum pump if available. Valve 2 was closed. 
Argon was then admitted to cylinder B to equal atmospheric 
pressure. Valves 2 and 2 were closed. The cylinder of argon 
gas was removed and a high pressure cylinder of methane gas 
was then connected to valve The adsorbate (methane) was
added to cylinder B by opening valve 2 until a pressure of 
146 psig was reached. The pressure was again adjusted to 146 
psig after the cylinder cooled to room temperature. The mix- 
obtained by this procedure consisted of 10.0 mole percent 
argon and 90.0 mole percent methane.
In the case of the water vapor-argon mixture, the water 
was added to the cylinder, B, after it had been filled with 
argon and evacuated five times. Liquid water was added to the 
cylinder, B, by connecting a small piece of plastic tubing to 
the cylinder valve (y/hich is closed), filling the tube with 
water, and plugging the tube. The water was then allowed to
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enter the cylinder by opening the valve. With the cylinder 
valve closed, the tubing was removed and the cylinder re­
connected to valve 2* The cylinder, B, was then filled with 
argon up to a pressure of 10 psig. The cylinder was then 
removed and mixed by violent shaking; three stainless steel 
rings had been placed in the cylinder before cleaning.
Preparation of the Adsorbent. Three different adsorb­
ents were used. 5A molecular sieve, 100-120 mesh, was used 
to measure the retention time of methane as a means of cal­
ibrating the apparatus. Its properties are given on Table 
I. 400 mesh coal dust cryogenically ground in liquid nitro­
gen and 400 mesh coal dust ground in the presence of air 
were used to study water vapor adsorption. These coal sam­
ples from Illinois no. 6 coal were provided by Dr. Gilbert 
J. Mains, Department of Chemistry, Oklahoma State University, 
who is investigating new methods of grinding coal which are 
less destructive chemically to the surface of the coal than 
conventional methods (4). in his method, air-dried coal is 
placed in a Dewar flask containing liquid nitrogen. All but 
a few milliliters of the liquid nitrogen are decanted and the 
deep-frozen coal is transferred rapidly to a hammermill. The 
issuing product, considerably below room temperature, is col­
lected in a plastic bag and is surrounded by nitrogen vapors 
rising from the coal. This is in contrast to grinding using
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Table I. Description of Adsorption Columns










inch inch inch inch g
1 0.25 0.19 7-25 7.0 2.00
2 0.25 0.19 14.0 13.5 4.21
3 0.25 0.19 36.0 35.5 10.29
k 0.25 0.19 144.0 143*5 41.00
5 0.25 0.19 180.0 179.5 51.29
Chemical Formula: Ca^ ^Na^ jjAlOg )^2^^-^2 ̂12-̂  * "^20
Typical Properties
Nominal Pore Diameter 





^ 1 0  microns 
Cubic
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a mini-ball mill at ambient conditions where the issuing coal 
is hot to the touch. The ground samples are quickly trans­
ferred to a siever for sizing and sealing for later experi­
mentation. Surface oxidation is significantly reduced by 
this mild treatment. The method produces more particles be­
low 38 microns than does conventional grinding and these fine 
particles are less prone to agglomeration. Properties of the 
coal are given on Table II.
Preparation of the Adsorbent Column. The adsorbent 
column was prepared as follows; a straight copper tube (1/^- 
inch O.D.) was cleaned with acetone and benzene and dried at 
100*C to remove any impurities. A glass-wool plug was insert­
ed 1/k inch from one end of the tube and the mass of the tube 
determined. The adsorbent was added to the open end of the 
tube and packed tightly. The column was weighed again to de­
termine the mass of the adsorbent in the column and the open 
end of the column was then plugged with glass-wool. The small 
columns were bent to a U-shape to fit the connections for 
valves and 16.
The molecular sieve column was heated to 200°C in an 
electric oven while helium was passed through the packed bed 
at the rate of 30 cc per minute for 30 minutes. Purging was 
stopped after the column cooled to room temperature. The mass 
was redetermined. The column was then fitted to the apparatus.
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Table II. Description of Adsorption Columns
Adsorbent: Nitrogen-ground coal dust, ^00 mesh
Column Diameter Total length Length of Mass
number O.D. I.D. of tube packed bed
inch inch inch inch g
1 0.25 0.19 5.0 ^•5 0.99
2 0.25 0.19 12.0 U . 5 7.48
Adsorbent: Air-ground coal dust, ^00 mesh
1 0.25 0.19 5.0 ^•5 1.14
2 0.25 0.19 12.0 11.5 8.03
Properties :
% ash fo sulfur fo volatile matter
coke
button







Air-ground sample contains 50fo more 02 than N?-ground 
as determined by ESCA analysis (^). sample
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EXPERIMENTAL RESULTS
The retention volume for methane and water vapor was 
measured and the heats of adsorption determined.
Methane. Five calibration experiments were carried 
out with methane on 5A molecular sieve. The limiting iso­
steric heat of adsorption derived from the 12-foot and 15- 
foot columns agreed absolutely with the value currently 
found in the literature,5,0 kcal/gmole (1^).
Water Vapor. The retention volume of water vapor on 
two coal samples was determined. It was found that the 
retention volume was greater with the air-ground coal than 
with the nitrogen-ground coal. When methane was used as the 
carrier gas, the retention volume decreased for both coal 
samples•
All the data and calculated results are presented in 
the following pages.
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Table IIIo Determination of the Retention Volume of

















Run Temp., 1000 Lim, Ret. Flow Ret0 Vol0,
T
Time, Rate,
— t°C °K“ sec cc/min cc
1 19.8 3.445 18,99 37.97 11.457
2 31.2 3.287 15 • 86 39.45 9.890
3 39.9 3.196 13.75 40.58 8.799






















































Table IV. Determination of the Retention Volume of Methane















Ret. Vol., In VR
°C 0 1 t—
*
sec cc/min cc
1 19.5 3-419 48.50 37-97 28.399 3.3^6
2 30.3 3-297 39.00 39-37 23.568 3.160
3 40.4 3-191 33-50 40.68 20.861 3.038






















































Table V. Determination of the Retention Volume of Methane






















Ret. Vol., In VR
°C 'K'1 sec cc/min cc
1 21,3 3.398 129 0 00 37.97 75.313 4.322
2 30,1 3.299 109.80 39.11 65.708 4.185
3 40.4 3.191 90.00 40.43 55.540 4.017
4 51.3 3.084 74.40 41.84 47.405 3.859














































Table VI, Determination of the Retention Volume of Methane






















Ret. Vol., In VR
*C "k '1 sec cc/min cc
1 20.3 3.409 464.40 28.47 203.314 5.315
2 31.4 3.285 321.00 29.55 145.458 4.980
3 41.3 3.182 234.00 30.51 109.398 4.695
4 52.0 3.077 180.00 31.55 86.499 4.460
Q = 5098.2 cal/mole
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Table VII* Determination of the Retention Volume of Methane






















Ret. Vol., In VR
°C O 1 i—
*
sec cc/min cc
1 19*8 3.^15 582.00 28.47 255*659 5*544
2 31*5 3*284 432.00 29.61 195*349 5*275
3 42.0 3*175 312.00 30*63 145.284 4.979
4 51*5 3*082 232.00 31*55 III.27I 4.712




a\ in w in in M 














































Table VIII. Determination of the Retention Volume of Water
















d m Temp•, 1000
T




Ret. Vol., In VR
°C o * I sec cc/min cc
1 21.4 3.397 21.75 28.47 9.522 2.254
2 31o5 3.284 22.42 29.45 10.102 2.313
3 41.6 3.179 23.00 30.42 10.680 2.368


















































Table IX. Determination of the Retention Volume of












Nitrogen-ground coal, 400 mesh 
l/4-inch tube
4.5 inches 0.2 5
Run Temp., 1000 Lim. Ret. Flow Ret. Vol.,
T
Time, Rate,
*C °K" sec cc/min cc
1 19.7 3.417 15.50 34.18 8.153
2 30.8 3.292 15.55 35.27 8.452
3 42.2 3.173 16.00 36.81 9.001






























































Table X. Determination of the Retention Volume of Water











Air-ground coal, 400 mesh 
1/4- inch tube
4.5 inches







Ret. Vol., In VR
°C •K-1 sec cc/min cc
1 24.0 3.366 23«,50 28.47 10.288 2.331
2 31 a 0 3.289 24.3? 29.14 10.864 2.385
3 42.1 3 . m 24.95 30.20 11.502 2.44-3
4 50.4 3.092 26.03 31.00 12.285 2.508
T-1967















































Table XI0 Determination of the Retention Volume of Water











Air-ground coal, 400 mesh 
l/4-inch tube 
4*5 inches
Sample size 0.25 cc






Ret. Vol., In VR
°C 0 1 h-
v
sec cc/min cc
1 22.5 3.384 16.75 34.18 8.799 2 .I75
2 33.2 3o266 17.42 35.41 9.436 2.245
3 44.0 3.1.55 18.25 36 • 66 10.207 2.323

















































Table XII* Determination of the Retention Volume of Water











Nitrogen-ground coal, 400 mesh 
l/4-inch tube 
11*5 inches







Ret. Vol., In VR
6C ‘K-1 sec cc/min cc
1 20.7 3.404 49.00 17. ?2 13.353 2.592
2 31.3 3,286 50.50 18.35 14.186 2.652
3 41.0 3.185 52.61 18.94 15.208 2.722
















































Table XIII. Determination of the Retention Volume of Water 






















Ret. Vol., In VR
°C
♦H1o sec cc/min cc
1 23.5 3.373 37.50 34.18 19.710 2.981
2 32.7 3.271 38.50 35.26 20.768 3.033
3 41.3 3.182 39.00 36.23 21.565 3.071
4 51«7 3.080 40.00 37.^3 22.801 3.127
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Table XIV0 Determination of the Retention Volume of Water 











Air-ground coal, 400 mesh 
1/4-inch tube
11.5 inches







Ret. Vol., In VR
*C ‘K"1 sec cc/min cc
1 21.4 3.397 51.00 17.72 13.897 2.632
2 31.3 3.285 53.21 18.32 14.915 2.702
3 41.0 3.185 55.00 18.90 15.867 2.764

















































































Table XV. Determination of the Retention Volume of Water 





Adsorbent Air-ground coal, 400 mesh
Adsorbent column l/4-inch tube
Packed section 11.5 inches







Ret. Vol., In VR
°C °K“1 sec cc/min cc
1 22.0 3.390 37.50 34.18 19.710 2.981
2 32.0 3.279 38.50 35.3^ 20.824 3.036
3 0.<M
if 3.175 40.00 36.50 22.285 3.104

















































Table XVI. Retention Volume of Water Vapor as a Function


















Run Temp., Sample pressure Retention Volume 
*C mm Hg cc




2 31.5 52.70 10.10298.if2 10.102
151.76 10.102
3 if 1.6 if7.62 10.68090.80 10.680
151.76 10.680
if if 9.9 50.16 11 .if 15





































































Table XVII. Retention Volume of Water Vapor as a Function
of Temperature and Sample Pressure
Experiment 7
Adsorbent column 1/4-inch tube
Packed section 4.5 inches
Sample size 0.25 cc
Barometric pressure 618.49 mm Hg
Run Temp., Sample pressure Retention Volume 
*C mm Hg cc
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Table XVIII, Retention Volume of Water Vapor as a Function


















Run Temp®, Sample pressure Retention Volume
*C mm Hg cc








3 42.1 26.42 II.52449.28 11.524
100.08 11.754
150.88 11.637








































































Table XIXo Retention Volume of Water Vapor as a Function


















Run Tempo, Sample pressure Retention Volume 
°C mm Hg cc
1 22 o 5 22.10 8.79944,96 8.799
95.76 8.799
146.56 8.799




3 44 o 0 22.10 10.20744.96 10.20795.76 10.207146 0 56 10.207
4 53.0 22.10 10.759


































































Table XX. Retention Volume of Water Vapor as a Function










Run Temp., Sample pressure Retention Volume
°C mm Hg cc
































































































Table XXI. Retention Volume of Water Vapor as a Function


















Run Temp®, Sample pressure Retention Volume 
*C mm Hg cc















































































Table XXIX. Retention Volume of Water Vapor as a Function
of Temperature and Sample Pressure
Experiment 12
Adsorbent column 1/4-inch tube
Packed section 11.5 inches
Sample size 0.25 cc
Barometric pressure 618.49 mm Hg
Run Temp., Sample pressure Retention Volume 
"C mm Hg cc
















































































Table XXIII. Retention Volume of Water Vapor as a Function



















Run Temp., Sample pressure Retention Volume 
°C mm Hg cc
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N2-ground 0.99 Helium (-)1176 0 0
N2-ground 0.99 Me thane (-) 936-0*
Air-ground 1.14 Helium (-)1239-6
Air-ground 1.14 Me thane (-)1278.1 *
N2-ground 7.^8 Helium (-)1180.4
N2-ground 7.^8 Me thane (-) 977.4*
Air-ground 8.03 Helium (-)1251 - 7
Air-ground 8.03 Me thane (-)1299.6*
*Since methane is also adsorbed on the coal, these heats 
of adsorption are not true isosteric heats of adsorption 
for water vapor but are included for comparison.
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DISCUSSION
Calibration, In calibrating the apparatus it was discov­
ered that the length of the column had to be gradually in­
creased until an adequate separation of the tracer and the ad- 
sorbate peaks was obtained. The use of short columns intro­
duced a rather large analytical error (of the order of 10$) 
in the readings of retention time. This 10$ error became 50$ 
by the time one finished calculating the isosteric heat of ad­
sorption. This may be explained by two factors inherent in 
the analytical procedure of gas chromatography. First, by re­
cording very short time intervals, such as a few seconds be­
tween the tracer peak and adsorbate peak, a large error may 
be introduced in reading the chart and by lengthening the col­
umn a much better separation is obtained between peaks. For 
example, if the retention time is 10 seconds and the chart can 
be read to ±1 second, a ±10$ error is introduced in just the 
chart reading. Second, ideal equilibrium chromatography as­
sumes instantaneous equilibrium between the two phases but in 
a real column equilibrium is not instantaneous and the reten­
tion time must be large enough to allow for equilibration.
When nonequilibrium is present the mass transfer rates between 
the two phases are not equal. The rate of equilibration be-, 
tween the mobile and the stationary phases can be controlled
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either by diffusion from one to the other, or by adsorption 
and desorption (15). The heat of adsorption obtained when 
nonequilibrium is present is not the true limiting isosteric 
heat of adsorption but a smaller heat of adsorption. Heat 
transfer effects can be ruled out because linear isosteres 
were obtained when plotting In VR against 1/T. When the ad- 
sorbate is not at the same temperature as the packed bed, 
nonlinear isosteres are obtained as evidenced by other in­
vestigators (12)o
Retention Volume. In analyzing the results of the water 
vapor adsorption experiments it is observed that the reten­
tion volumes increase as the temperature is raised. When In 
VR is plotted as a function of l/T, a negative slope is ob­
tained. This would indicate that the heat of adsorption is 
endothermic. This, of course, is wrong and even though the 
slope plots negative due to the fact that the retention vol­
ume increases with increasing temperature, the heat of ad­
sorption is always exothermic. The effect seen here is per­
haps characteristic of adsorbates v/hose cohesive forces be­
tween molecules are very large. Water has a large permanent 
dipole moment due to hydrogen bonding giving rise to strong 
orientation forces. As the temperature is raised it is pos­
sible to break up some of these forces allowing more inter­
action between the water molecules and the surface of the ad­
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sorbent. Increase in sample adsorption with increasing tem­
perature has been noted in a few cases (15)# especially in 
substances containing hydrogen bonds. This effect could also 
be characteristic of the adsorbent itself. It may be that at 
the higher temperature parts of the surface previously block­
ed become available for adsorption. For example, certain im­
purities adsorbed on the surface may be removed by the ad- 
sorbate, or new pores may open up because of thermal expan­
sion of the adsorbent. Sometimes sorptions that increase with 
temperature can be related to rate processes involving activa­
tion energies. Activated diffusion may be expected for sys­
tems containing very small pores (16). More needs to be known 
about the adsorbent itself, such as pore-size distribution and 
surface area.
As expected, retention volumes are greater for air-ground 
coal which contains 50% more oxygen. This is supported by the 
work of other investigators who have also found that lower 
rank coals, which have more oxygen, have greater adsorption 
capacities (6). The use of methane as the carrier gas instead 
of helium decreases the retention volumes for water vapor.
This indicates that the methane is being adsorbed on surface 
sites previously available to the water vapor. Since a carbon 
surface is essentially hydrophobic, it is presently thought 
that surface area plays a minor role in water adsorption (3)*
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Perhaps surface area plays a more important role, as evidenced 
here, and this should be further investigated.
Heat of Adsorptiono As previously discusssed, the same 
mass transfer effects are also suspected to be present for the 
coal columns because the heats of adsorption obtained are much 
smaller than those reported in the literature (3»6). Heats of 
adsorption for water are appreciably different from the value 
of 10.4-10.6 kcal/gmole cited in the literature. Limited 
amounts of the coal samples prohibited increasing the columns 
to a satisfactory length as was done with the molecular sieve 
columns. Although the heats of adsorption are not quantita­
tively correct, the retention volumes do indicate a strong 
effect of oxygen and methane on the surface.
Precision of the Heat of Adsorption. An error analysis 
reveals that if the uncertainty of VR is ±1% then the preci­
sion of the heat of adsorption is The temperature read­
ings contribute about one tenth of the error. The calibration 
experiments were used to determine the analytical precision.
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CONCLUSIONS
The following conclusions were drawn from the foregoing 
study:
1. The retention volume of water vapor is greater with
the air-ground coal which contains 50% more oxygen
than the N2-ground coalo This effect is probably 
due to hydrogen bonding between the water molecules 
and oxygen in the coal.
2. The retention volume of water vapor on coal de­
creases when methane is used as the carrier gas. 
This suggests that the methane adsorbs on some of 
the surface previously available to the water vapor 
when helium was used as the carrier gas.
3. In spite of possible mass transfer effects, results
do give qualitative trends to indicate that chemi-
sorbed oxygen affects water adsorption.
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RECOMMENDATIONS
It is recommended that:
1. The minimum size of the adsorbent bed which provides 
a limiting isosteric heat of adsorption not depen­
dent on the bed size be established,,
2. Static adsorption experiments on these two coals be 
done to eliminate mass transfer effects.
3. The experiment be performed on a wider temperature 
range for a more complete study.
The relationship between adsorption and surface 
coverage of adsorbent be investigated.







The equipment used to construct the apparatus is listed 
below.
Column, Adsorption. Copper tubing, made with various 
lengths of adsorbent packing. Used to determine the isos- 
teric heat of adsorption.
Cylinder. High pressure gas cylinder. Stainless steel, 
capacity 800 cm . Used to mix and store mixtures of adsorb­
ent and tracer gas.
Fittings. Tube fittings for process tubing. Swagelock 
brass fittings, 1/^-inch and l/8-inch size. Manufactured by 
Crawford Fitting Company, Solon, Ohio.
Hot Wire Detector. Cell for measurement of thermal 
conductivity of gases. Model no. 10-077 with 4 rhenium- 
tungsten filaments (WX), manufactured by Gow-Mac Instrument 
Co., 100 Kings Road, Madison, N. J. Used to measure adsorb- 
ate concentration in carrier gas.
Manometers. U-tube manometers, range 0-30 inches and 
0-36 inches. Manufactured by the Meriam Instrument Company, 
Cleveland, Ohio. Used to measure pressure drop across ad­
sorbent bed and sample pressure.
Power Supply. Constant direct current source. Model 
^0-001 with decade step attenuator switch. Manufactured by
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Gow Mac Instrument Co*, 100 Kings Road, Madison, No J. Used 
to supply a constant current to the filaments of the hot wire 
detector*
Pressure Gage* Range 0-200 psig* Used to measure pres­
sure of gas mixtures*
Recorder* Variable speed double pen recorder. Span 
2 0 mv; chart speeds 2 sec per inch to 10 min per inch. Manu­
factured by Honeywell Corp. Used to record signal from hot 
wire detector.
Sample Valve0 Precision gas sampling valve, l/k cm^ 
sample volume tube, stainless steel. Manufactured by Perkin- 
Elmer, Inc., Norwalk, Conn0 Used to inject an adsorbate 
sample of constant volume into the carrier gas stream.
Thermometero -20 to 105*0 mercury thermometer, 0.5 °C 
increments. Used to measure temperature of water bath.
Tubing. Copper tubing. l/4-inch O.D. with 0.190 inch
I.D. and l/8-inch O.D. with 0.065 inch I.D. Used for process 
piping and to make adsorption columns.
Valve, Needle. Extra low flow valve. Stainless steel. 
l/4-inch connections. Used to regulate the flow of carrier 
gas.
Valve, l/8-inch, Forged Body. Straight valve. Brass, 
stainless steel stem. Manufaccured-by Whitey Research Tocl 
Company, Emeryville, Cal. Used as l/8-inch cut-off valve.
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Valve, l/4-inch, Forged Body, Straight valve. Brass, 
stainless steel stem. Manufactured by Whitey Research Tool 
Company, Emeryville, Cal. Used as 1/^-inch cut-off valve.
Variable Area Flowmeter. Tri-Flat low flow rate indi­
cator. Manufactured by Fischer and Porter Co., Warminster, 
Pennsylvania. Used to measure flow rate of carrier gas.
Water Bath. Round jar type glass tank. Dimensionst 
8-inch O.D. by 8 inches deep. Manufactured by Blue M 
Electric Co., Blue Island, 111. Used to maintain adsorp­
tion column at constant temperature.
Water Aspirator. Brass. Used to adjust pressure of 




Coal Dust. Illinois no« 6 coal obtained from the Dept* 
of Chemistry, Oklahoma State University, Stillwater, Okla­
homa, was used as the adsorbent. Two samples were made a- 
vailable. One was ground in air and the other in liquid 
nitrogen. Particle size:<38 microns (400 mesh).
Argon. High purity (99.995 %), obtained from Union 
Carbide, was used as the tracer gas.
Helium. High purity grade (99.995 %) was used as the 
carrier gas. Locally obtained.
Methane. Research grade material (purity 99«9 %) was 
used as the carrier gas. Locally obtained.
Mercury. Technical grade mercury was used as mano­
meter fluid. Obtained from the Dept, of Chemical and Petro­
leum-Refining Engineering, Colorado School of Mines.
Meriam Red Oil. Specific gravity 1.0, was used as 
manometer fluid. Obtained from the Dept, of Chemical and 
Petroleum-Refining Engineering, Colorado School of Mines.
Molecular Sieve. 5A (100-120 mesh) was used as the 
adsorbent for the calibration columns. Obtained from 




Calibration Data for Tri-Flat Variable-Area Flowmeter 
Size: 1/16-inch tube with sapphire float
Gas: Helium
Gas: Methane










Flowmeter was calibrated from calibration curves 
provided by manufacturer. Calibrated points were check­
ed by measuring the flowrate using a graduated cylinder 
inverted in a pan of water and measuring with a stop­




Calibration Data for Thermometer,
Mercury thermometers Range, -20 to 105*C» 0.5*C increments.
Substance Boiling Scale reading at Correction 
point stdo pressure
Acetone 56.20 57-7 -1.50
Methanol 64.96 65 • 6 -0.64
Water 100.00 98.8 +1.20
Melting
point
Ice 0.00 0.2 0CM•O1
Correction of boiling points to standard pressure:
At = (273.1+t)(2.8808-log p) (CRC Handbook, D-144,
+0.15(2.8808-log p) 1972)
where At = degrees C to be added to the observed boiling 
point
t = the observed boiling point
log p = the logarithm of the observed pressure in 
mm Hg (p = 620 mm Hg in this case)
= the entropy of vaporization at 760 mm Hg
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APPENDIX V
Calculation of the Solubility of Water in Argon at 10 psig._
o(P ref) exnjv^(P-Pre:£>)
RTy1 = />i p
ln^= £ (y2B12+y1B11)+...-ln g
yi« y2
l n $ =  2 (y9Bt 9 )+••. -In Pvr± -  2 12 RT
2__ (-0.04713?)
1 ^ 5 5
= -0.0064?84 
= 0.9935
yt = (1 )(0.03126)_ exp 
0.9935(1.68)




Sample Calculation of the Corrected Retention Volume0
Experiment 1, Run 1:
VR = tR w T f = tR w T 3 (Pj/p )2 -1 (II-3)
TR TR 2 ( P i / p  p  -1
VR = (18.99/60)37.97(292.8) 2 (660.64/611.89)2 -1
295.2 2 (660.64/611.89)3 -1
VR = 11.457 cc
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APPENDIX VI
Calculation of Methane-Argon Mixture Concentration. 
Computer Program (Basic) i
10 PRINT "CALC OF TOTAL CYLINDER PRESSURE FOR BINARY 
GAS MIXTURE USING SECOND VIRIAL COEFF."
2 0 PRINT
30 DISP "GAS 1”;
40 INPUT A$
50 DIM A$(80)
60 PRINT "GAS 1: "! A$
70 DISP "GAS 2";
.80 INPUT B$
90 DIM B$(80)








180 LET P=(P1/Y1)*(R*T+P2»(Y1*Y1*B1+2*Y1*Y2-»B3+Y2*Y2»B2))/ 
(R*T+B1*P1)
190 IF ABS(P2-P) 1 THEN 275






250 PRINT “PRESSURE GAS 1(PSIA)= “ j PI
260 PRINT "TOTAL PRESSURE(PSIA)= ” ?P2
270 END
The above program was written for a 9830A Programmable 
Calculator, manufacture! by Hewlett-Packard Products Division,
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APPENDIX VII
Computer Program for Calculating Limiting Retention Time 
Computer Program (Fortran)i
10 C MS=M0LEC. SIEVE, CA=AIR COAL, CN=CRY0. COAL,
m =m e t h a n e
20 C W=WATER, HE=HELIUM, AD=ADSORBENT, G=ADSORBATE, 
CG=CARRIER GAS
30 TYPE 40
kO FORMAT(1H1,"CALC. OF LIMITING RET. TIME AND TRUE RET. 
VOL.”/)
50 PAUSE"TYPE IN AD, G, CG"
60 ACCEPT 70, AD, G, CG 
70 FORMAT(3A5)
80 PAUSE"TYPE IN'SI, S2, S3, S4, T"
90 ACCEPT 100, SI, S2, S3, S4, T 
100 FORMAT(5F)
110 PAUSE"TYPE IN AN, Tl, T2, T3, T4"
120 ACCEPT 130, AN, Tl, T2, T3, T^
130 F0RMAT(5F)
140 X=(S1+S2+S3+S4)/AN
150 Al=( T1+T2+T3+T11 )/AN 
160 B1=S1*T1+S2*T2+S3»T3+S4*T4
170 B2=X*AN




210 TYPE 220, TM, T
220 F0RMAT(1H1,"LIM• RET. TIME",2X,F10o4,lX, "AT", IX,F10..
230 2IX,"DEGREES C"/)
2^0 PAUSE"TYPE IN FR, TR, P”
250 ACCEPT 260, FR, TR, P
260 FORMAT(3F)
270 PAUSE"TYPE IN TC, PO"





330 FORMAT(1HI, "TRUE RET.. VOL.'\2X,F10.V)
3^0 STOP
350 END
s = Sample pressure TR = Reference temperatu:
T = Column temperature P = Pressure drop
Tl, 0•• = Retention time TC = Column temperature
AN =1 Number of sample PO = Outlet pressure
FR =: Carrier gas flow rate




Computer Program for Calculating Isosteric Heat of Adsorption.
Computer Program (Fortran)i
10 PAUSE"TYPE IN VR, TM, AN, VS, VT, VU"
20 ACCEPT 30, VR, TM, AN, VS, VT, VU
30 FORMAT(6F)
40 PAUSE"TYPE IN FOUR TEMP."



















220 Q l = ( V E - V Z )/(1O O O o / Z l )
230 Q2=(VF-VE)/(10 0 0 o/Z2-1000 o / Z l )
2k0 Q 3 = ( V G - V F ) / ( 1 0 0 0 o / Z 3 - 1 0 0 0 . / Z 2 )
250 Q 4 = (VH-VG)/(1000,/Z^-l000. / Z 3)
260 QA=Q1*1000,*1o987
270 QB = Q 2 * 1 0 0 0 . *1 o987
280 QC=Q3*1000.*1.987
290 QD=Q^*1000.*1.987
300 TYPE 310, QA, QB, QC, QD




VR, VS, VT, VU = True retention volumes
AN =: Number of volumes
Z 9s = Column temperatures 
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